In this article we motivate and review the embedding of the gravitationally enhanced friction mechanism in supergravity. The very interesting feature is that inflationary models which utilize this mechanism drive inflation for a wider range of parameter values and predict lower values for the tensor-to-scalar ratio.
Gravitationally enhanced friction and inflation
The inflationary paradigm [1] [2] [3] is strongly supported by the observational data [4, 5] . The usual challenge one faces in embedding inflation in a microscopic theory is the construction of the appropriate scalar potential. Restricted by our little knowledge on the exact description of the theory at the energy scales of inflation, one uses an effective approach and various symmetries, naturalness arguments or other mechanisms are invoked to control the effective form of the inflationary potential. The problem of maintaining the form of the potential during the trans-Planckian excursions of the inflaton field becomes even more severe in supergravity due to the restriction placed to the potential by supersymmetry and also due to the generic cut-off of the theory being the Planck scale (M P ) itself.
Among the proposals of how to achieve a generic inflationary phase is the gravitationally enhanced friction mechanism (GEF) [6] [7] [8] [9] [10] [11] . This mechanism is generated by the following Lagrangian
where φ is the inflaton and G mn = R mn − 1 2 g mn R is the Einstein tensor. This kinematic coupling of a scalar field to gravity does not give rise to ghost instabilities, and belongs to a more generic class of theories which can be also used for cosmology [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . We assume here a full polynomial potential without symmetry suppressed terms, representative of a generic supergravity setup
In the large field models of inflation the inflaton field has a value larger than the Planck mass, M P . This general potential cannot serve as large field inflationary model because the non-renormalizable terms, if not suppressed, spoil the flatness of the potential.
The non-minimal coupling of the kinetic term of the scalar field with the Einstein tensor G mn during a de Sitter phase takes the simple form
For HM −1 * ≫ 1 the kinetic coupling implies that the canonically normalized scalar field is theφ = √ 3HM −1 * φ. This rescaling recasts the polynomial potential in terms of the canonically normalized inflatonφ to the form
The non-renormalizable terms
are suppressed by the "enhanced" mass scale √ 3HM −1 * M P . The slow roll parameters requireφ > M P and, hence, these higher order terms can be neglected and sufficient inflation can take place given that
In terms of the field φ, which has non-canonical kinetic term, the above field-space region translates into
This finding is of central importance since we will work in a supersymmetric context.
We consider our theory as an effective one valid below some ultra-violet cut-off that we generally identify with the M P . The field-space region (6) allows inflation to be realized for a generic form of potentials and reliable conclusions in this context can be derived. It can be said that the kinetic coupling theory is tailor-made for realizing an inflationary phase. From a different perspecive, if there is an internal symmetry that forbids the non-renormalizable terms and thereby suppresses the coefficients λ n for n ≥ 5 then inflation can be implemented in a much larger field-space region, than in the conventional (GR limit) large field inflationary models, that reads: φ > M P /(HM −1 * ) . The plateau like potentials are not common in minimally coupled theories. It may indicate that the plateau-like behaviour is result the of nonminimal dynamics such as the derivative couplings to the Einstein tensor demonstrate. For example steep potentials for fields φ with nonminimal kinetic coupling can yield potentials of moderate steepness for a minimally coupled ϕ that can well fit the data. There exists the particularly interesting mapping [9, 11] 
The crucial implication of the non-minimal derivative coupling is that generic and steep potentials can inflate the Universe. Otherwise, one has to impose special symmetries or truncate higher order terms in order to preserve the flatness of the potential. If the nonminimal derivative coupling (1) is present then a steep potential e.g. the φ 100 appears like ϕ 2 and the potential φ 2 appears like ϕ.
Finally, we comment on another interesting feature of these kind of higher derivative theories. Generally, the plateau inflationary potentials suffer from the initial conditions problem [26] . The effective potentials that originate from the nonminimal derivative coupling theories (1) can be flat enough to well fit the data [5] . However, they account for large field models and inflation can start from Planck energy densities requiring the minimum homogeneity for the accelerating expansion to start.
Non-minimal derivative couplings in supergravity and D-term potential
The non-minimal derivative coupling can be successfully embedded in the new-minimal supergravity. The new-minimal supergravity [28, 29] is the locally supersymmetric theory of the gravitational multiplet
The first two fields are the vierbein and its superpartner the gravitino, a spin- We will employ the new-minimal supergravity superspace [29] . The free Lagrangian is given by
Here V R is the gauge multiplet of the R-symmetry, which (in the appropriate WZ gauge) contains the auxiliary fields in its vector component
αα and the Ricci scalar in its highest component
The symbol E stands for the super-determinant of new-minimal supergravity. The bosonic sector of Lagrangian (9) is
For a chiral superfield with vanishing R-charge the kinematic Lagrangian reads
the bosonic sector of which is
Here we use the definitions for the component fields Φ| = A and − 
where E a is a curvature real linear superfield of the new-minimal supergravity which satisfies the superspace Bianchi identities
The E a superfield has bosonic components
and 1 4σα
where G mn = R mn − 1 2 g mn R is the Einstein tensor and F mn = ∂ m A n − ∂ n A m is the field strength of the supergravity auxiliary field A m . For a discussion and derivation of the Lagrangian (13) see [27] .
Moreover this term is not known how to be constructed in the old-minimal supergravity formulation [30] .
Discussion on more theoretical aspects of the embedding of this and similar couplings in new-minimal supergravity can be found in [31] . The bosonic sector of Lagrangian (13) is
Note that this term, although it contains higher derivatives, does not lead to ghost states or instabilities.
The ghost instabilities are in fact evaded due to the vanishing R charge of the chiral superfield Φ. On the other hand, the vanishing R-charge forbids the self-coupling via a superpotential due to the R-symmetry.
In other words, this superfield is not allowed to have a superpotential. Moreover it is also not allowed to be gauged, since this will also give rise to ghost instabilities via inconsistent derivative couplings of the gauge fields to curvature. The only remaining option is the indirect introduction of self-interaction via a gauge kinetic function [10] .
Theories with a non-minimal derivative coupling can lead to galileons in specific decoupling limits for gravitation [32] . This has been also done in a supersymmetric setup. Taking the limit M P → ∞ but keeping M 2 * M P fixed one can find the supersymmetrization of the quartic complex galileon [33] . In particular it has been found that these theories have a new superspace symmetry which is the supersymmetric generalization of the galileon symmetry
where a is a complex constant, b m a complex constant vector, and y m = x m + iθσ mθ . The superspace shift (18) reduces to the standard galileon shift for the complex scalar A in the lowest component.
Turning back to inflation, we still have to introduce a scalar potential. It has been shown in [10] that a scalar potential can be consistently generated for A if we utilize a Fayet-Iliopoulos term. In particular consider the gauge sector
is a holomorphic function of the chiral superfield Φ and ξ is the Fayet-Iliopoulos parameter of mass dimension two. The coupling (19) leads to a scalar potential of the
This is a D-term potential [1, 34] .
To wrap it up, the theory under consideration is given by [10] 
which after we integrate out the auxiliary fields has bosonic sector
Even though we suggest a D-term inflation without a superpotential the generation of the inflationary potential is in principle not protected by any symmetry and in the most general case we cannot forbid the higher order terms. A resolution to the η-problem in supergravity can be given by a symmetry that suppresses the F-term part of the scalar potential. In the presence of such a symmetry the potential is naturally dominated by a Fayet-Iliopoulos D-term which exists for U (1) gauge groups. Here, the Rsymmetry of the theory forbids the superpotential interactions for the A field non-minimally coupled to the G mn tensor. The spontaneous breaking of supersymmetry during inflation may introduce interactions however these will be generated radiatively and should not affect the tree level D-term inflationary potential. The D-term potential domination together with the enhanced friction features strongly motivates the study of this higher derivative theory to inflationary applications.
Examples of higher derivative D-term inflation and constraints from the CMB
In our context the gauge kinetic function Ref (A) is arbitrary and in principle contains non-renormalizable terms. In most of the models, again, one finds that the |A| is of order M P or larger, a fact that makes the non-renormalizable terms difficult to control similarly to the higher order terms in the K and W potential. However, here it can be |A| ≪ 1 and inflation can be realized thanks to the nonminimal derivative (also called kinetic) coupling.
We will attempt to capture some of the characteristics of the nonminimal kinetic coupling in inflationary applications by considering some representative examples of inflationary potentials. We will concentrate on single field inflation models where one of the two fields is heavy enough and stabilized in the vacuum. In a FLRW background, neglecting spatial gradients, the Friedmann equation and the equation of motion for the φ field are
According to the equations (23) and for HM −1 * ≫ 1 the slow-roll parameters of General Relativity
The requirementǫ, |η| < 1 yields that the field space region where slow-roll inflation is realized is rather increased. We will illustrate this below by considering different forms for the gauge kinetic function and thereby various types of potentials [10, 11] .
Let us assume that
where λ n are real coefficients and we constrain the field to sub-Planckian values |A| ≪ M P . The scalar
.. where the ellipsis correspond to negligible terms. The above potential includes two scalars that have a non-minimal derivative coupling. For λ 2 1 ∼ λ 2 > 0 the φ field can be light enough and the β field can be heavy enough ( H) and stabilized; hence the appearance of any sub-Planckian strong coupling scale [18] can be avoided. For φ ≪ M P the linear to φ term dominates and the potential reads
The slow-roll conditions yield the requirements for inflationη = 0 andǫ ≈ M 2 P λ 2 /(2V 0 M −2 * ) < 1. The linear model (26) yields a spectral index 1 − n s = 8ǫ = 4λ 2 M 2 P M 2 * /V 0 which is related to the number of e-folds by the expression 1 − n s ≈ 4λ∆φ/N (φ * )M P . For N (φ * ) ∼ 50 this model yields a spectral index n s ∼ 0.04 for ∆φ ∼ M P /λ. Hence it is possible to have sublplanckian variations for the inflaton field and couplings λ of the order of one or even larger.
If we now assume that the gauge kinetic function is of exponential form then we directly get an exponential type potential:
The form of the function 1/ cos x suggests that the β-dependent part of the potential will be stabilized with large enough mass to values 1/ cos(λβ/M P ) = 1 and the φ will be the inflating field. Slowroll inflation takes place forη = 2ǫ = λ 2 /(3H 2 M −2 * ) < 1 which corresponds to inflaton field values
The interesting feature of this theory is that inflation naturally ends, see Ref. [11] for further analysis. For the exponential potential (27) one findsη = 2ǫ, 1 − n s = 8ǫ − 2η = 4ǫ and 1 − n s ∼ 2/N (φ * ). Hence, it predicts a tensor-to-scalar ratio r = 0.16 for n s = 0.04.
An inverse power law potential can be obtained if we consider monomial gauge kinematic function:
where we used the relation Re{A n } = φ n cos(nθ)/(cos θ) n . We see that the field θ, the phase of the complex field A = ρe iθ , is stabilized with large enough mass at θ = κπ and so Re{A n } = φ n . Slow-roll inflation takes place forǫ = (M 2 P n 2 )/(2φ 2 × 3H 2 M −2 * ) < 1,η = 2(1 + n −1 )ǫ < 1 which corresponds to inflaton field values φ n−2 < 2M n−4 P V 0 /M 2 * λn 2 . In the case of the inverse power-law models (28) the spectral index is given by the modified expression 1 − n s = 4ǫ (1 − n −1 ) and it is in tension with the Planck data.
For the above types of potentials an inflationary phase can be realized for a wider range of parameters.
For the linear and the exponential, in GR limit, inflation is impossible for λ ≥ O(1). It has to be λ < O(1) which implies, after absorbing λ to the mass scale, that the field φ has to be suppressed by a super-Planckian value. Here thanks to the kinetic coupling inflation is possible even for λ 1 and for sub-Planckian excursions for the (non-canonical) inflaton field φ. The kinetic coupling operates like an enhanced friction and inflation takes place more generically than in the GR limit.
